To evaluate the proficiencies of laboratories utilizing next-generation sequencing (NGS) to detect somatic mutations in cancer-related genes, an external quality assessment (EQA) was implemented by the National Center for Clinical Laboratories of China in 2015. We prepared a panel of samples that comprised eight samples made by mixing synthetic mutated DNA fragments with normal human genomic DNA and one reference sample containing only genomic DNA. We validated our sample panel, and then distributed it to laboratories across China. We received complete results from 64 laboratories. The performances of 51.6 % (33/64) respondent labs were acceptable and 26.6 % (17/64) of the labs returned perfect results. In total, 449 mistakes were reported, including 201 false-negatives (201/449, 44.8 %) and 222 false-positives (222/449, 49.4 %) and 26 slightly discordant results (26/449, 5.8 %). We believe these unsatisfactory results and varied performances are mainly due to the enrichment methods used, the diverse sequencing chemistries of the different NGS platforms, and other errors within the sequencing process. The results indicate that our sample panel is suitable for use in EQA studies, and that further laboratory training in targeted NGS testing is urgently required. To address this, we propose a targeted NGS workflow with details on quality assurance procedures according to the current guidelines.
INTRODUCTION
Cancer, one of the leading non-communicable causes of death worldwide, is a complex heterogeneous disease involving genomic alterations. Many studies have revealed the remarkable diagnostic and/or therapeutic value of identifying genomic alterations in cancer. For example, analysis of the BRCA1 and BRCA2 genes has been used to predict the risk of hereditary breast and ovarian cancer [1] , and identification of BCR-ABL fusions and EGFR mutations inform the use of tyrosine-kinase inhibitors in the treatment of chronic myelogenous leukemia [2] and lung cancer [3] , respectively. In addition, owing to the genomic heterogeneity of cancers, patients with histologically similar tumors may harbor different mutations, while patients with histologically distinct tumors may harbor similar mutations [4] . Therefore, the identification of genomic alterations is a critical step in personalized cancer care.
Traditionally, conventional techniques like Sanger sequencing, pyrosequencing, and fluorescence in situ hybridization have been used to identify genomic alterations in tumors. Nevertheless, the continually increasing number of clinically relevant genomic alterations has created an urgent need for higher throughput sequencing [5] . With the advent of next-
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generation sequencing (NGS) technologies, this issue is being addressed. Besides reducing sample quantity requirements, NGS sequencing is time-saving and costeffective compared to traditional techniques. Furthermore, NGS technologies can detect low frequency mutations, and mutations scattered across larger genomic regions than can be analyzed using conventional molecular methods [6] . Owing to their unprecedented advantages and excellent performance in practice, NGS technologies are beginning to replace traditional molecular genetic techniques. These include Sanger sequencing, which has been the dominant approach and the gold standard for mutation detection for the past 30 years.
In the clinical laboratory, NGS approaches are generally used as diagnostic tools to provide genetic characterizations that inform the choice of a more precise medical treatment [7, 8] . In umbrella trials, NGS techniques are valuable for identifying individual genomic profiles and clustering the patients for targeted therapies. According to the Molecular Analysis for Therapy Choice (MATCH) Program conducted by the U.S. National Cancer Institute, the choice of a therapeutic agent is based on the specific molecular findings obtained using targeted NGS analysis rather than on the type of cancer [9] . However, the implementation of NGS in clinical laboratories still poses specific challenges and external quality assessment (EQA) programs are required to evaluate the results of NGS analyses from these labs. Recently, the U.S. Centers for Disease Control and Prevention (CDC), the American College of Medical Genetics and Genomics (ACMG), the Association for Molecular Pathology (AMP), and the College of American Pathologists (CAP) have defined guidelines for effective validation of NGS methods, for monitoring the analytical process, and for reporting variants [10] [11] [12] [13] . The Next Generation Sequencing-Standardization of Clinical Testing (NexStoCT) Workgroup has described strategies regarding EQA for NGS testing in clinical laboratories. This group recommended use of sample types, including DNA from well-characterized cell lines, to evaluate analytic steps, except for DNA extraction. Unless derived from a tumor, most cell lines will not contain cancer specific variants. Variants present will be in high allelic ratios. CAP has initiated the development of an EQA for a methods-based NGS proficiency-testing product. Compared with analyte-based EQAs, methods-based EQAs mainly focus on evaluating specific steps rather than the entire testing system. The European Molecular Genetics Quality Network and the UK National External Quality Assessment Scheme for molecular genetics have launched a pilot methods-based EQA for NGS in Europe, but the results have not yet been published [14] . Irrespective of the strategy adopted for an EQA, serious attention should be paid to the results of NGS analyses produced by clinical laboratories.
A number of companies and clinical laboratories have recently embraced the NGS approach as a routine diagnostic method in China, and accordingly an EQA of non-invasive prenatal testing using NGS was implemented by the National Center for Clinical Laboratories (NCCL) of China. Our EQA revealed that performance varied among the participating labs [15] . Next generation sequencing was also one of the methods adopted by the participants in another EQA study by our group, wherein their detection of EML4-ALK fusions was evaluated [16] . To assess the proficiency of these laboratories in detecting different types of aberrations in cancer-related genes, the NCCL launched a nationwide pilot EQA in 2015 that examined their performance in detecting somatic mutations using NGS technologies. Here, we report the results of this EQA and evaluate the abilities of various laboratories to correctly identify single nucleotide variants (SNV) and small insertions and deletions (indels).
RESULTS

Validation of cancer-related genes panel
All the SNVs and indels included in the DNA samples were correctly detected by Beijing GenePlus using a NextSeq CN500 sequencer. However, the detection results obtained by Thermo Fisher Scientific using an Ion PGM System included only some of the expected variants due to its reportable range of target variants. The allele frequency detection reported by each group was within the acceptable range (see Materials and Methods). The allele frequencies of KRAS c.34G>T (p.Gly12Cys) and IDH2 c.419G>A (p.Arg140Gln) were between 1 % and 5 % in the samples that included them, and the allele frequencies of all other variant-alleles within samples were greater than 10 %. No false-negatives or false-positives were reported by either group. Allowing for their detectable ranges, the two laboratories successfully sequenced our panel of DNA samples and detected the included mutations in cancer-related genes using different dominant NGS platforms. The results of the validation of our panel of DNA samples are summarized in Table 1 .
Panel distribution and response
Seventy-five reports were received from 109 clinical laboratories before the cutoff date. Among these responses, ten laboratories did not report their detectable ranges which were necessary for analyzing our samples, and one commercial laboratory returned an incomplete dataset. Consequently, datasets from 64 laboratories, including 31 hospital or clinical laboratories and 33 commercial laboratories, were analyzed in this study. The panel was tested by participants using different nextgeneration sequencing approaches. The most commonly used platform was the Ion PGM System (Thermo Fisher www.impactjournals.com/oncotarget (Continued) Scientific Inc., Waltham, Massachusetts, USA) (27/64, 42.2 %), followed by the NextSeq CN500 (Hangzhou Berry Genomics, Hangzhou, China) (9/64, 14.1 %), the MiSeq (Illumina Inc., San Diego, California, USA) (6/64, 9.4 %), the HiSeq 2500 (Illumina) (6/64, 9.4 %), the Ion Proton System (Thermo Fisher Scientific Inc) (5/64, 7.8 %), the NextSeq 500 (Illumina) (4/64, 6.3 %), the HiSeq 3000 (Illumina) (3/64, 4.7 %), the DA8600 (Daan, Guangzhou, China) (3/64, 4.7 %), and the BioelectronSeq 4000 (CapitalBio, Beijing, China) (1/64, 1.6 %). Notably, 22 of 31 clinical/hospital labs (71.0 %) utilized Ion PGM/Proton instruments while 19 of 33 commercial labs (57.6 %) used Illumina platforms. Target enrichment was done using hybrid capture in 26 of the laboratories, whereas the remaining 38 laboratories employed the multiplex PCR method. All laboratories declared that the reported results had met their internal quality control standards. Figure 1 shows overviews of the various platforms and target enrichment methods used by the participating laboratories.
NGS testing performance
The results submitted by the participants were compared with the expected reference results, and the overall performances of the laboratories were evaluated. The results were judged to be either acceptable or improvable based on the scoring system (see Materials and Methods). Twelve results different from the expected variant descriptions in ClinVar were reported and deemed to be correct because of their availability in the dbSNP database ( Figure 2 ).
The performances of 51.6% of laboratories (33/64) were found to be acceptable, and 26.6 % of these laboratories (17/64) correctly identified all the mutations within our panel of DNA samples. The results reported by the remaining 48.4% of the participants (31/64) were classified as improvable based on our criteria. Statistically, there was no significant difference between the performance of hospital/clinical labs as a group and the commercial labs as a group (p = 0.079). The performances of all 64 laboratories are summarized in Figure 2 . The detection rates and the distributions of allele frequencies reported for each variant are shown in Figure 3 . In total, 449 mistakes were reported, including 201 false-negatives (201/449, 44.8 %) and 222 falsepositives (222/449, 49.4 %) ( Table 2 ) and 26 slightly discordant results (26/449, 5.8 %) (Table 3 ). It was noteworthy that 77.1 % of the false-negatives (155/201) came from only 12 laboratories and 93.7 % of the falsepositives (208/222) came from only 9 participating labs, and the false-negatives or false-positives were reported in more than 5 samples by each lab involved. No falsenegatives were found in the results from 45.3 % of the labs (29/64), and no false-positives were found in the results from 68.8 % of the labs (44/64). The distribution of false-negatives and false-positives reported by the participants is shown in Figure 1 . Table 2 shows details regarding the false-positives. We observed that 10.8 % (24/222) of the false-positive results involving eight variants included in the designed panel were reported in the samples that did not contain them and 36.0 % (80/222) of the false-positive results involving 4 variants in NA12878 that were not included on the synthetic fragments were reported ( Table 2) . We also assessed the false-negative results of different combinations of targetenrichment strategies and sequencing platforms. Among labs using multiplex PCR as the enrichment method, 88 (88/159, 55.3%) false-negatives were reported by those which utilized Illumina platforms and 47 (47/587, 8.0 %) false-negatives were reported from labs adopting semiconductor sequencing systems. Among labs using hybrid capture strategies, 14 (14/383, 3.7 %) false-negatives came from laboratories using Illumina platforms and 52 (52/116, 44.8 %) false-negatives were reported by those adopting semiconductor sequencing systems.
DISCUSSION
Sequencing large and complex DNA samples, such as those generated in transcriptome sequencing or whole-genome sequencing experiments, is expensive and time consuming. Targeted genome sequencing is a more efficient and affordable method that focuses on higher coverage or read depth over limited regions of specific genes. Targeted sequencing of cancer related genes has been the prominent approach used by clinical laboratories for routine screening of genomic variations in cancer-patient samples [17] . However, an EQA system for targeted genome sequencing by NGS has been not available until now. The ideal EQA samples should be obtained from clinical specimens that have been tested in a clinical laboratory, and should allow all phases of the testing process to be evaluated [18, 19] usually yields degraded DNA, and sequence artifacts are frequently detected due to DNA deamination [20] [21] [22] [23] [24] [25] [26] . In light of these issues, synthetic DNA samples containing specific sequences have been used for EQA studies [18] , and artificially constructed DNA samples containing clinically relevant mutations have been designed for similar performance evaluation [27, 28] . In this study, we generated a panel of DNA samples by mixing genomic DNA from a HapMap cell line with synthetic DNA fragments engineered to contain previously reported cancer-related mutations. The HapMap genomic DNA, NA12878, has been developed by the National Institute for Standards and Technology (NIST) as a certified reference material [29] and a high confidence variant call set covering 78% of the genome has been characterized [30] , which makes the genetic background of the samples available. Our approach was less complicated and cumbersome than the previously reported strategy of performing site-directed mutagenesis, and many different mutations can be included in one sample by using synthetic DNA fragments [27] . We directly synthesized and purified DNA fragments of 300-500 bp harboring our desired mutations. These fragments are larger than the amplicons or sheared DNA fragments generated during the NGS library preparation process, and notably the DNA sequences flanking the mutations in these fragments are identical to the genomic DNA sequences that would flank them in vivo. In our panel, each DNA sample contained both wild-type alleles and the corresponding disease-associated artificial allelic variants. The results of our validation process showed that the abundance of most of the artificial allelic variants Almost half of the incorrect results were falsepositives, which are known to occur for various reasons. First, since the identification of barcodes within the sequencing reads is a critical step for ensuring that subsequent characterization of the individual samples is accurate [31] , errors in identifying sequence-ligated barcodes during the de-multiplexing process will cause errors in the results. In the present study, eight of the variants that were included in some of our DNA samples were detected in samples that did not contain them, suggesting possible mistakes in DNA barcode identification (Table 2) . Second, in theory, the control sample containing only extracted genomic DNA should act as a baseline reference without any of the artificial allelic variants. Hence, we believe that the results involving 4 variants in NA12878 should be unfiltered results, which could be attributed to errors during the sequencing and bioinformatics procedures. These errors typically include mononucleotide stretch errors in semiconductor sequencing platforms [32] , substitution errors in Illumina instruments [33] , or complete omission of the filtering step.
On the other hand, among the 201 false-negatives, 60 of the 92 incorrectly reported indels (65.2 %) came from labs utilizing the multiplex PCR method to generate multiplex amplicons in the process of library preparation. As the primers designed for multiplex PCR are crucial for this enrichment method, the failure in detection could be explained by mismatches between primers and their target DNA sequences. We also found that among the labs using multiplex PCR method, the false-negative rate using Ion Torrent platforms (8.0 %) was much lower than that using Illumina platforms (55.3 %). We speculate that the laboratories using Ion Torrent platforms always adopted 'off the shelf' panels offered by Thermo Fisher, which have been extensively validated and the information about mutation detection performance (e.g. the reportable range) can be obtained from the manufacturers directly. In contrast, among participants using the hybrid capture method, the falsenegative rate when using Ion Torrent platforms (44.8 %) was greater than that when using the Illumina platforms (3.7 %). The reason might be that hybridization-based enrichment strategies require more bioinformatics supports than PCR-based ones [34] . More commercial software and free pipelines available for the Illumina sequencing platforms might be helpful for the labs to handle the data produced using hybrid-capture enrichment. These also presented that the validation of the NGS assays might be absent in some laboratories. Therefore, we recommend that the full validation of variant detection is indispensable for laboratories when NGS tests are developed.
Furthermore, many of the unexpected results, such as the 26 slightly discordant results, should be attributed to systemic errors. These include PCR errors during the library or template preparation process [35] , GC contents bias [36, 37] , and potential biases within the bioinformatics pipeline such as the signal-processing and base calling limitations of the software used [36] . Errors might also appear if the sequences of junction fragments were not aligned to NCBI build 37, which was assigned as the reference sequence in this EQA. The noticeably concentrated distribution of false-negatives and falsepositives implies that errors might be caused by improper operations performed within specific labs. Therefore, good standardized operating procedures (SOPs) and welltrained staff are critical, given that mistakes can occur even with the most effective instruments if procedures are performed incorrectly.
In conclusion, we designed and conducted the first nationwide EQA of NGS-based targeted sequencing by laboratories in China. We used a mixture of synthetic and genomic DNA instead of clinical specimens as samples, and validated the suitability of our samples for use in an EQA. However, there are certain limitations to our approach. First, our samples were processed differently than the typical clinical samples usually received by these labs for routine diagnostics, in that preparation of our samples did not involve a gDNA extraction process. Hence, the evaluation regarding dealing with clinical samples in laboratory was not considered in this study. However, we provided high quality DNA for this EQA, and attention should be paid to describing the sequencing process rather than the procedure for DNA isolation within these labs. Second, although each mutation was located in a central position within a synthetic DNA fragment, the limited fragment sizes might prevent labs from using Sanger sequencing to confirm their results, because their primer binding sites may lay outside the regions of the genome included in our fragments. To shed further light on the capabilities of diagnostic labs, future EQA studies should use FFPE samples that consist of untransformed cells and cells from the same lineage that have been modified using the CRISPR/Cas9 system to harbor desired mutations. Future studies could also include more low-percentage variants to better evaluate the detection of low allele frequency mutations.
Our results imply an urgent requirement for improved laboratory training in the procedures of targeted NGS, likely due to the complexity of the process. Many guidelines and recommendations for standardizing NGS technologies have been produced [10-12, 38, 39] , which were summarized in Figure  4 . It is essential for laboratories to establish standard operating procedure (SOP), follow all quality control (QC) metrics at every step, and document the values in each test. Based on SOP and QC metrics, the NGS process should be validated to establish the expected performance characteristics within each lab. We also emphasize the importance of internal quality control (IQC) and EQA studies to verify the reliability of NGS results. As part of our EQA of labs performing targeted NGS, detailed analyses of the results were provided so that all participants became aware of the performance of various workflows and laboratories. We also provided the opportunity to retest samples for any participating labs that requested it. In the future, EQAs of targeted NGS within labs in China will be performed twice a year and the limitations of the test panel will be provided. 
MATERIALS AND METHODS
Composition and preparation of cancer-related genes panel
The panel of eight DNA samples included mutations to 20 cancer-related genes commonly detected by clinical laboratories. The panel was prepared by the NCCL (Beijing, China) using synthetic DNA fragments and genomic DNA. Firstly, genomic DNA was extracted from a lymphoblastoid cell line (GM12878) from the International HapMap Project, which was purchased from the Coriell Cell Repositories (Coriell, New Jersey, USA). DNA from GM12878 is the same as the reference material developed by NIST, and the genome of this sample has been well characterized and is publicly available [30] . The genomic DNA was quantified using a FLUOstar Omega plate reader (BMG LABTECH, Ortenberg, Germany). Secondly, based on data from public databases ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) and the National Comprehensive Cancer Network Clinical Practice Guidelines in Oncology (NCCN Guidelines, update 2015), one SNV of uncertain clinical significance in EGFR, and 28 clinically significant mutations including SNVs and indels within 20 cancer-related genes were selected as candidate variants. The target gene sequences containing these variants were designed according to the curated human genome resources in the NCBI reference sequence (RefSeq) database (NCBI build 37) (http://www.ncbi.nlm. nih.gov/RefSeq/) and the sequence dataset for the HapMap sample NA12878 in the GeT-RM Browser (http://www. ncbi.nlm.nih.gov/variation/tools/get-rm/). The sizes of the desired sequences were 300-500 base pairs (bp) and the expected mutations were located in the central portions of these fragments. Synthesis of the DNA fragments was performed by Sangon Biological Technology (Shanghai, China). Recombinant plasmids containing specific mutated gene fragments were constructed and the fragments were then obtained by cleavage with restriction enzymes. Each DNA fragment was quantified using the FLUOstar Omega plate reader (BMG LABTECH, Ortenberg, Germany). Lastly, the sequences of the different synthetic DNA fragments were confirmed by Sanger sequencing and the fragments were mixed with the genomic DNA extracted from the GM12878 cell line. Specifically, 3-5 mutated fragments were pooled with the genomic DNA in controlled proportions in each sample, and the total mass of the nucleic acid was at least 1 μg. Table 1 summarizes the composition of the panel of samples: eight of the samples included synthetic DNA fragments, while one sample included only genomic DNA and acted as a control to filter out irrelevant mutations. Samples were dispensed as 30 μL aliquots into 200 μL thin-wall polypropylene PCR tubes. Each of the PCR tubes was then each placed in a 1.5 mL siliconized glass vial, in case the contents of the PCR tubes spilled during transit. The vials were labeled "NCCL NGS EQA 2015" and were randomly assigned numbers from 1-8. The samples were stored at -20 °C before shipment to the laboratories.
Validation of cancer-related genes panel
The panel of cancer-related genes was evaluated by Beijing GenePlus Technology (Beijing, China) and by Thermo Fisher Scientific Inc. (Beijing, China) using the same processes used for their routine patient sample testing.
The Beijing GenePlus group used a NextSeq CN500 sequencer (Hangzhou Berry Genomics, Hangzhou, China). DNA samples received from NCCL were first fragmented using a Bioruptor® Pico sonication system (Diagenode Inc., Denville, New Jersey, USA) and quality control was performed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, California, USA) to ensure an average fragment size of 200-300 bp. The subsequent steps included end repair, A-tailing, and ligation with a sequencing adapter containing a unique nucleic acid barcode using a Kapa Hyper Prep Kit (Kapa Biosystems, Wilmington, Massachusetts, USA). The libraries were quantified using an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, California, USA), and 96 libraries with different tags were pooled and quantified. The pooled library was sequenced using the NextSeq 500 High Output Kit (300 cycles) (Illumina Inc., San Diego, California, USA).
The Thermo Fisher Scientific group used an Ion PGM System (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). Quantification of DNA samples was performed using the Qubit dsDNA BR Assay Kit and Qubit 3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). The processes, including multiplex PCR enrichment and library preparation, were performed using the Biometra TProfessional Standard Gradient 96 Thermocycler (Biometra, Gottingen, Germany) according to the manufacturer's instructions. The libraries were quantified using an ABI 7500 Real-Time PCR System (Applied Biosystems, Foster City, California, USA). Emulsion PCR was performed with the Ion PGM Template OT2 200 Kit using the Ion One Touch 2 system (Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA). Ion sphere particles (ISP) were enriched using the E/S module and were then sequenced on the Ion PGM System using an Ion PGM™ Hi-Q™ Sequencing Kit (both from Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA).
Participating labs and data analysis
The prepared samples were shipped to 109 clinical laboratories at room temperature. All the laboratories were assigned the same coded samples and were required to perform the detection using their routine procedures. www.impactjournals.com/oncotarget Detailed instructions for storage conditions and assay procedures were provided. The sample 15NC was specially described as normal genomic DNA extracted from normal tissues or blood cells. Laboratories were required to submit their results, including the variants and corresponding allele frequencies, within four weeks of receiving the test panel. All variants were reported following the Human Genome Variation Society (HGVS) guidelines. Since a variant might have different descriptions across different transcripts, we recommended the participants to use the reference transcripts in ClinVar database. In addition, questionnaires were sent to obtain information regarding their detectable ranges, minimum detection limits, procedures (including the platforms and reagents used for generation of DNA libraries and sequencing), databases and bioinformatics tools employed, and assay-specific quality metrics such as minimum coverage thresholds, mapping qualities, and Q scores.
To assess participant performances effectively, a set of scoring rules were established previously. Results that differed from the expected (correct) results were considered either false-negatives or false-positives. Each false-negative resulted in a deduction of 10 points from the perfect score of 100 points, whereas each false-positive resulted in loss of 5 points. A discordant result with a sequence alteration that differed within 5 bp was classified as a slightly discordant result and caused a loss of only 2 points, while a discrepancy greater than 5 bp between the reported and actual sequences resulted in losing 5 points. The variants out of the specific detectable range were not considered in the scoring process. The performance was classified as either acceptable or improvable: For labs processing a panel containing 20 or more genes, scores of 80 or more points were regarded as acceptable, and scores of less than 80 points were considered to be improvable. For labs focusing on less than 20 genes, scores of 90 or more points were necessary for an acceptable performance rating, whereas scores of less than 90 points were considered improvable. The results obtained from the laboratories were analyzed based on their detection limits and their respective reportable ranges in addition to the expected results. All statistical analysis was performed with SPSS 16.0. Performances were compared using the Fisher's exact test with a two-tailed statistical significance at p < 0.05.
